I. Introduction
Hair follicles in the dorsal skin of rats start to grow from a few days before birth. Since growth is not synchronous, in other words some have matured to form a hair shaft on the day of birth while others are still immature cell masses, they may not be suitable for use in biochemical approaches to the study of organ development. In contrast, however, they are one of the best models for observation of the morphological process of cellular differentiation, because many cells in the hair follicle are accumulated in an orderly fashion according to their history of maturation [21] .
We previously investigated mechanisms involved in the extinction of organelles in erythrocytes and found that autophagy plays an important role in the digestion of mitochondria and other organelles [17, 24] . This digestion may be needed to provide amino acids for the synthesis of large amounts of hemoglobin molecules. Do similar mechanisms operate on the differentiation of hair follicles, in which a large amount of keratin must be produced? Although the purpose of autophagy is generally thought to be in meeting the need for turnover of macromolecules or as a step in overcoming starvation crises [3, 14] , we have proposed another possibility based on the study of embryonic erythrocytes [18, 24] , namely that it serves as an effective system in converting cytoplasmic components for terminal differentiation. In the case of the neonatal rat epidermis, we previously demonstrated that cathepsins were located mainly in the s. spino- sum and s. granulosum, while a distinct increase in autophagic vacuoles was not observed [19] . One explanation is that the enzymes operate outside of lysosomes. Yamashima and collaborators have proposed the "calpain-cathepsin hypothesis," wherein m-calpain induces the release of cathepsins from lysosomes and evokes the development of ischaemic neuronal death [26] . We therefore attempted to determine the localization of m-calpain as well as lysosomal components. Cathepsin L was recently reported to be essential in the maintenance of pelage hair in a study of cathepsin L-deficient mice [22] . The present study investigated the specific localizations of cathepsins B/D/L, LAMP-1 that is known to be a component of lysosomal membrane [1, 2] and m-calpain in developing hair follicles as well as the appearance of autophagy under electron microscopy.
II. Materials and Methods

Materials
Sprague-Dawley rats were obtained from Nippon SLC Inc. (Hamamatsu, Japan). We defined neonatal rats at 0-24 hr after birth as day 0 and those at 48-72 hr as day 2 animals. Anti-rat cathepsin B rabbit antibody was prepared as described previously [15] . The specificity of this antibody in rat skin has been demonstrated by western blot analysis [19] . Anti-rat cathepsin D rabbit antibody was prepared as described previously [25] . Anti-human cathepsin L monoclonal antibody (clone 3312) was purchased from SigmaAldrich Fine Chemicals. Anti-LAMP-1 (lgp 120) rabbit antibody was a generous gift from Dr. H. Tsuji [1] . Antirabbit m-calpain monoclonal antibody (clone 3C11B10) was prepared in our laboratory [12] . Purified IgG fractions were used except for anti-LAMP-1, which was an unpurified serum.
Methods
Electron microscopy was carried out as described earlier [19] . Pieces of dorsal skin of day 0 and day 2 animals were obtained by razor blade section and fixed overnight in a solution of 3.7% paraformaldehyde and 1% glutaraldehyde in a 50 mM sodium phosphate buffer (pH 7.2) at 4°C.
For immunoblotting, tissue blocks obtained from day 0 and day 2 animals were minced in a 50 mM sodium phosphate buffer (pH 7.4) that contained 0.1 mM di-isopropyl fluorophosphate, 0.3 mM phenylmethylsulfonyl fluoride, 0.7 mM pepstatin, 23 mM leupeptin, 50 mM antipain and 0.9% NaCl. The minced tissue pieces were frozen in liquid nitrogen and stored at -80°C until use. Western blotting and immunoreactions were carried out as described previously [23] . The reacted proteins were detected by an ECL western blotting detecting system (Amersham Pharmacia Biotech).
For immunohistochemical study, pieces of dorsal skin tissue of day 0 and day 2 animals were fixed with 10% formalin neutral buffer (Wako Pure Chemicals) and stored as paraffin wax-embedded blocks. As need arose, they were cut into 4 mm-thick sections [9] . Immunoreaction was performed using a Vectastain ABC kit, PK-6200 (Vector Laboratories) with modifications as described previously [19] . The reaction was visualized with peroxidase substrate kit DAB, SK-4100 (Vector Laboratories). The cells were then poststained with methylgreen-pyronine. The staining solution consists of 0.2% methylgreen: 0.2% pyronin G: 50 mM acetic acid-sodium acetate buffer (pH 4.2)=1.5:1:2. After staining for 10 min at room temperature, sections were washed with 90% ethanol for 5 seconds and were then dehydrated.
III. Results
Keratinization and autophagy
Hair follicle consists of at least eight epidermal tissues and two dermal tissues. The former include two peripheral layers, three intermediate layers, and two central layers called the external root sheath, internal root sheath, and hair shaft, respectively. The latter include connective tissue follicle and dermal papilla (Fig. 1A) . The hair shaft sometimes includes another tissue, medulla. Although the part extending beyond the skin surface is limited to the hair shaft, other tissues in the hair follicle are also known to keratinize and to support the growth of hair shaft [21] . As shown in Fig. 1B , each tissue was composed of a cellular monolayer, at least around the area of the asterisk in Fig. 1A .
The first sign of keratinization appears in cells of Henle's layer, as shown in the d layer in Fig. 1B . Trichohyalin granules and keratin fibers are observable in d1, and the keratinization proceeds further in d2. The cytoplasm of the cell labeled d3 is shown to be filled with keratin fibers, with mitochondria having disappeared (Fig. 1B) . Considering that the formation of hair follicles starts a few days before birth at the earliest and that scores of cells of Henle's layer have appeared by the day of birth, the time from d1 to d3 is estimated to be several hours or shorter. The hair shaft was found to be rich in structures that seem to execute autophagocytosis ( Fig. 2A) . In particular, the hair cuticle was filled with autophagic structures (Fig. 2B ). They appeared mainly during the differentiating period, and were scarce in the fully keratinized hair shaft. Fig. 2A and B show distinctive patterns of keratinization in each hair follicle cellular layer. For example, the eccentric side of the hair cuticle cells seems to be hardened by electron-dense materials that are not observed in other areas of the follicle (Fig. 2) . Finally, all layers of the internal root sheath and hair shaft (except medulla) are keratinized extensively regardless of their routes of differentiation. Among those, Henle's layer takes the lead in keratinization and Huxley's layer is cornified last (Figs. 1, 2 ).
Immunoblot analyses
The anti-cathepsin D antibody reacted specifically with the single chain and heavy chain of cathepsin D peptides (Fig. 3A) . Anti-cathepsin L antibody reacted largely with cathepsin L peptides, and the predominant form was shown to be double chain (Fig. 3B) . The antibody against LAMP-1 reacted with band Y in addition to LAMP-1 protein ( Fig. Fig. 1 Fig. 2 3C). The other lot prepared in our laboratory also reacted with band Y. We presently consider it a degradation product of LAMP-1, but alternative possibilities remain. The antibody against m-calpain reacted specifically with pro and active types of the enzyme (Fig. 3D) . Remarkable change of the patterns from day 0 to day 2 was not observed in each antigen.
Localization of cathepsins B, D, L
As all figures in Fig. 4 (A-O) show, the most conspicuous staining was observed in the external root sheath except for the hair bulb area and upper near-epidermis region. Although the external root sheath is continuous with the epidermal basal layer, cathepsins were not localized in the basal layer [7, 13, 19] . Concerning the internal root sheath and hair shaft, the area in which keratinization starts was shown to be stained moderately (Fig. 4B , the area between the two dotted lines, or corresponding area in Fig. 4C ) at Hardy's stage 5 to 6 [8] , while as the stage proceeded a distinctive pattern of staining appeared, including a cellular monolayer denoted by arrowheads (Fig. 4E, H-J) , lower part of the hair shaft (Fig. 4F , G and cross section in Fig. 4K, L) , a lampshade-like area covering the dermal papilla (Fig. 4G) , and a thin layer encircling the keratinized hair shaft (Fig. 4O) . The layers denoted by arrowheads lie on the third lane of cellular monolayers, which correspond to Henle's layer (Fig. 1B) . Henle's layer, which cornifies first, was shown to be stained from the middle part of the hair bulb (Fig. 4E, G, H) . The ladder-like pattern of staining in the hair shaft is probably because nuclei were not stained. Staining of hair cuticle encircling the hair cortex may be observed in Fig. 4O . The lampshade pattern of staining in Fig. 4G suggests that hair matrix cells adjacent to the dermal papilla may have special Dermal papilla is abbreviated to dp (B). A is a control that was not treated with any primary antibodies. The area between the dotted lines in B is stained extensively (external root sheath is stained also in the upper area). Arrows and arrowheads indicate the stained cells.
characteristics. Other parts including hair matrix, dermal papilla, and fully cornified areas were virtually unstained (Fig.  4E , G, H, M).
Localization of m-calpain
The localization patterns of m-calpain resembled those of cathepsins; that is, they were distributed in the external root sheath (Fig. 5B-E) , third layer (Fig. 5B-D, F) , ladder (Fig. 5C , E) and lampshade (Fig. 5C ). This striking resemblance suggests that lysosomal and cytoplasmic proteases operate in a coordinated manner to provide materials quickly for keratinization. It is also notable that nuclei may not be stained (Fig. 5C-E) as in the case of cathepsins. Concerning the area around the papilla, several patterns of staining were observed ( Fig. 5B-E) , but whether they correlate with developmental stages of the follicles or not is still undetermined. Dermal papilla is dp (F). The other arrows and arrowheads indicate stained cells. Bars=40 mm. 
Localization of proteases in the upper part of the hair follicle
In the upper region of hair follicles, precursor cells of sebaceous glands were the only structures stained distinctly. Both cathepsins (Fig. 6B-G) and m-calpain (Fig. 6H, I ) were shown to be localized in the precursor cells. Their special localization revealed the process of formation of sebaceous glands: in the primitive stage, precursor cells surround the hair shaft (Fig. 6D, F, G) , subsequently clustering on one side of the hair shaft without losing staining (Fig. 6I) . These findings suggest that cathepsins may collaborate with mcalpain in sebaceous gland precursors as well.
Localization of LAMP-1
LAMP-1 is a highly N-glycosylated protein found in the lysosomal membrane [2] . As shown in Fig. 7B , LAMP-1 co-localized with cathepsins in the spinous and granular layers of the epidermis [19] . In stage 5, LAMP-1 localized only in the external root sheath (Fig. 7B) , while it was shown to be stained positively in the third layer (arrowheads in Fig.  7C , E) that corresponds to Henle's layer, in the hair matrix adjacent to the dermal papilla (Fig. 7D) , and in the primitive sebaceous gland (Fig. 7F, G) as the stage proceeded. This suggests that lysosomal cathepsins are escorted by lysosomes, at least in these areas.
IV. Discussion
Layers in the hair follicle exhibit a variety of terminal differentiations. For example, while the keratinizing processes of the three layers of the internal root sheath resemble each other in terms of the formation of trichohyalin granules and associated tonofilaments, the timing of their appearance, size of granules and time needed to fill the cells with keratin fibers differ greatly. The two layers of the hair shaft cornify in distinctive ways, excepting that neither uses trichohyalin granules. The terminal differentiation pathways of cells in the external root sheath and companion layer are mostly unknown. Our electron microscopy study revealed no obvious enhancement of autophagy in the internal root sheath of the hair follicle. However, it must be noted that the steady-state volume of autophagosomes in cells is known to be low, e.g. 0.2% in normal liver and 1.5-2% even in a fasted state, because their turnover rate is markedly high, with a half-life in the liver of around 8 min [3, 20] . The distinct enhancement of autophagy observed in hair cuticles (Fig. 2) , as in erythrocytes [24] , was therefore a truly striking finding. The autophagic bodies in hair cuticles may be destroyed quickly by calpain or other enzymes, since typical autophagosomes or autophagolysosomes in morphology were scarcely found. As stated above, in the section of "keratinization and autophagy", conversion of the cytoplasm of Henle's layer is estimated to be a very rapid process. Therefore, besides autophagy, some transient but powerful proteolytic machinery is expected to function to provide sufficient amino acids for keratinization. Under such circumstances, membranes of autophagy system in the cells of keratinizing Henle's layer etc. may be subjected to severe attacks by cytoplasmic proteases such as calpains.
We then carried out an immunohistochemical study to detect cathepsins and LAMP-1. These molecules were found to be localized in the following areas: a specific part of Henle's layer lying around the shoulder area of the hair bulb, lower part of the hair shaft, primitive sebaceous gland, a lampshade-like area surrounding the dermal papilla, and the external root sheath. The first two areas correspond to the early phase of terminal differentiation. The immunohistochemical staining of a ladder-like area in the hair shaft probably reflects autophagy activity in the hair shaft. The lampshade-like area should be referred to as it is in the process of determination but not of terminal differentiation. In contrast to the external root sheath, the companion layer was not stained and seems to constitute the unstained canal in the shoulder area of the hair bulb. The morphology of external root sheath cells in Fig. 1B , which contained abundant vacuoles in the cytoplasm, closely resembles rat epidermal cells corresponding to the s. spinosum and s. granulosum on day 18 of gestation. They are easily distinguishable from basal layer cells of the epidermis and companion layer cells in hair follicles, suggesting that they are in the process of terminal differentiation. However, we are presently unable to explain the need for proteases in the external root sheath or primitive sebaceous glands, and this is an important problem for future study. We expect that cytoplasmic conversion may also be needed for these cells to differentiate. It is notable that the sebaceous gland cells perform holocrine secretion, which means routine occurrence of terminal differentiation and subsequent cell death as in the case of epidermal keratinocytes or internal root sheath cells.
The role of lysosomes or lysosomal cathepsins has long been considered to be housekeeping macromolecular turnover, but recent studies have revealed a more specific function [4] . The specific localization of cathepsins and LAMP-1 in the present study supports this idea. Roth et al. [22] recently reported the intriguing result that mice lacking cathepsin L develop periodic hair loss with alteration of hair follicle morphogenesis and cycling. They suggested that in the absence of cathepsin L the balance between proliferation and terminal differentiation is shifted toward proliferation, causing epidermal and hair follicle hyperplasia. This suggestion is consistent with ours that cathepsins play a role in terminal differentiation.
According to our preliminary analysis to detect double strand breaks of DNA by TUNEL method, the major positive site in stage 5 was the internal area of primitive hair follicles, while in stage 6 it came to resemble the pattern of lysosomal components herein studied. We presume that at least some internal cells in stage 5 were lost and replaced by newly produced cells ascending from near-papilla area. This was also supported by our electron microscopical study that revealed there were degenerating cells in the internal area (data not shown). TUNEL-positive cells in stage 6 were likely to circumvent a rapid apoptotic cell death but survive as terminally differentiating cells. Terminally differentiated cells losing mitochondria have lost the mechanisms to promote apoptosis [11, 24] and degradation of endoplasmic reticulum may result in the release of calcium ions to stimulate the activity of calpains. In this regard it is different from apoptosis. Nevertheless, terminal differentiation may partly share with apoptosis in mechanisms such as double-strand scission of DNA for example. Processing of profilaggrin to filaggrin and the subsequent aggregation of keratin filaments by filaggrin is thought to be an essential step for epidermal keratinization [6] . It is suggested that m-calpain is one of the enzymes needed for processing [27] . It is therefore possible that mcalpain is located in the keratinizing area, if "calpaincathepsin hypothesis" [26] may not be applicable to hair follicle tissues. The localization of m-calpain in the s. spinosum and s. granulosum of the skin was reported previously [16] and coincided with that of cathepsins [7, 13, 19] . The coordinated localization of m-calpain with cathepsins in the keratinizing cells of the hair follicle is therefore a plausible finding. Keratinization of hair follicle tissues as well as epidermis may require the collaborative effort of many proteases including cathepsins, calpains and others [5, 10] .
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